Abstract. Hearing loss is the most common sensory deficit in the world, and most frequently it originates in the inner ear. Yet, the inner ear has been difficult to access for diagnosis because of its small size, delicate nature, complex three-dimensional anatomy, and encasement in the densest bone in the body. Evolving optical methods are promising to afford cellular diagnosis of pathologic changes in the inner ear. To appropriately interpret results from these emerging technologies, it is important to characterize optical properties of cochlear tissues. Here, we focus on that characterization using quantitative polarized light microscopy (qPLM) applied to unstained cochlear sections of the mouse, a common animal model of human hearing loss. We find that the most birefringent cochlear materials are collagen fibrils and myelin. Retardance of the otic capsule, the spiral ligament, and the basilar membrane are substantially higher than that of other cochlear structures. Retardance of the spiral ligament and the basilar membrane decrease from the cochlear base to the apex, compared with the more uniform retardance of other structures. The intricate structural details revealed by qPLM of unstained cochlear sections ex vivo strongly motivate future application of polarization-sensitive optical coherence tomography to human cochlea in vivo.
Introduction
Hearing loss is the most common sensory deficit in the world, affecting over 36 million Americans-18% of people from 45 to 64 years of age, and ∼50% of people over 75 years of age. 1 Yet the cause of deafness is not known for most affected individuals because the inner ear cannot be biopsied today without damaging residual hearing. Current clinical imaging modalities, including computed tomography (CT) and magnetic resonance imaging (MRI), are not sensitive enough to reveal cochlear microanatomy. Novel imaging modalities being developed for ultimate application in humans in vivo will require a full understanding of the optical properties of various cochlear structures.
A technique commonly used to investigate the optical properties of biological specimens is polarized light microscopy (PLM). 2 A conventional microscope can be converted into a simple polarization-sensitive microscope by placing perpendicularly oriented polarization filters into the beam of light before and after it passes the sample. 3 Without any intervening specimen, light passing the first filter is totally absorbed by the second filter. When biological samples are placed in the illumination path, certain structures change the polarization state of light that passes through them, allowing some component of that light to pass the second filter. 4 In addition to sample-induced changes in polarization, some implementations of PLM are capable of detecting nonhomogeneous alterations in wave propagation velocity. This phenomenon, often called sample retardance, occurs when the refractive index of the specimen is dependent on the polarization and direction of incoming light (a property known as birefringence). Materials that exhibit birefringence are anisotropic, or ordered in a directionally dependent way. This order can either be on the level of molecular bonds, resulting in intrinsic birefringence, or on a submicroscopic level, resulting in form birefringence. 2 Two materials that are abundant in the cochlea, collagen and myelin, are known to exhibit birefringence. 2, 4 Importantly, defects of collagen and myelin in the cochlea have been implicated in disease; mutations in and autoimmunity against type II collagen 5-7 as well as demyelination of cochlear neurons 8, 9 all lead to hearing loss. A unique advantage of PLM is that it allows for the structural characterization of biological specimens containing birefringent materials without having to stain or label them. PLM has been used in other fields to investigate collagen networks in tissues, 10 retinal nerve fiber layers, 11 meiotic spindles and microtubules within cells, 12, 13 and structural features that correlate with the health of ova to be used for intracytoplasmic sperm injection.
Despite its utility, PLM has rarely been applied to the cochlea. Ren et al. used PLM to examine microcirculation in the guinea pig cochlea, 15 whereas Wenzel et al. used PLM to examine collagen organization and content within the basilar membrane and other cochlear structures after laser irradiation. 16, 17 One of the major drawbacks of standard PLM is that it is not a quantitative technique. The intensity of light observed when a birefringent material is viewed by a polarized light microscope depends on the angle of that material's optic axis relative to the transmission axes of the polarization filters. 4, 18 In a biological specimen, such as a histological section, birefringent materials may be oriented at different angles throughout the sample.
To address this limitation, a quantitative form of polarized light microscopy (qPLM) has been developed. 19, 20 In qPLM, two parameters related to the birefringent properties of the specimen are determined, independent of polarizer orientation, for each pixel in the acquired images: 19, 21 retardance (expressed in nanometers) and theaverage orientation of the polarization axis with the greater index of refraction (the slow axis). qPLM has been used to examine collagen ultra-structure in normal and damaged articular cartilage, [21] [22] [23] collagen deposition in burn healing, 24 structural changes in myocardial tissue after infarction and regenerative treatments, 25 wall structural integrity of brain arteries, 26 and the paths of white matter tracts in the brain, 27 ,28 among other applications. To the best of our knowledge, qPLM has never been applied to examine cochlear cross-sections.
In this study, we have applied qPLM to unstained murine cochlear cross-sections. We have focused on the mouse model because its cochlear anatomy and physiology is similar to that of humans, and many mouse models of human deafness are available to test the diagnostic power of this technique. To gain a basic understanding of the birefringent properties of the cochlea, we determined retardance values for various cochlear structures across two strains of mice commonly used in research.
Materials and Methods

Experimental Animals
Six-week-old C57BL∕6J (n ¼ 3) and CBA∕CaJ (n ¼ 3) male mice (Jackson Laboratories) were used. All procedures were approved by the Massachusetts Eye & Ear Infirmary Animal Care and Use Committee.
Histological Preparation
Animals were anesthetized with ketamine and xylazine. Transcardiac perfusion was performed using 4% paraformaldehyde. The oval and round windows were opened and intralabyrinthine perfusion was performed with the same fixative. Cochleae were isolated and placed in fixative for 2 h, decalcified in EDTA for at least three days at room temperature, dehydrated, embedded in paraffin, and sectioned at a thickness of 10 μm. Section thickness was independently measured and confirmed to be 10 μm using a confocal microscope (Leica TCS SP2 Spectral Confocal Laser Scanning Microscope, Leica Microsystems, Wetzlar, Germany). The main structures identifiable on an unstained cross-section by differential interference contrast microscopy are labeled in Fig. 1 .
Quantitative Polarized Light Microscopy
Mid-modiolar sections were deparaffinized and coverslipped (unstained) with Permount mounting medium (Fisher Scientific). Slides were imaged using the Abrio Birefringence Imaging System (Cambridge Research & Instrumentation Inc.), which has been described in detail previously. 29 Briefly, specimens are placed on the stage of an inverted microscope (Nikon Eclipse TE 2000-S). Circularly polarized monochromatic light (wavelength 546 nm) passes through the sample and then through a universal compensator made from two computer-controlled liquid crystal (LC) variable retarder plates. Images of the specimen are acquired at five different settings of the LC retarder plates by a charge-coupled device (CCD) imaging sensor, and are transferred to a computer. Polarimetric algorithms 29 are used to convert the data from these images into a single full-field map of retardance values and slow axis orientations. The system can determine retardance values to a nominal resolution of 0.02 nm. Retardance measurements of cochlear structures were made by finding average pixel intensities in gray scale retardance magnitude images using ImageJ (U.S. National Institutes of Health). Results are expressed as means AE standard error of the mean.
Retardance is generated between the orthogonally polarized components of light transmitted through a birefringent material as a result of the difference in their propagation velocities. 30 The retardance (Γ) divided by the path length of the light through the material (d) is equal to the birefringence ðΔnÞ∶ Δn ¼ Γ∕d. The path length is difficult to determine, especially in tissue because it is highly scattering. The retardance, however, is proportional to sample birefringence if the path length is held constant. Because our section thickness was the same across measurements, we use "retardance" and "birefringence" interchangeably. The phase shift (Φ) at a particular wavelength (λ) is defined as Φ ¼ 2π Ã Δn Ã d∕λ ¼ 2π Ã Γ∕λ. Therefore, the reported retardance values can specify the expected phase shift at any given wavelength.
Immunohistochemistry
Deparaffinized sections for collagen immunolabeling were incubated in pepsin solution (Thermo Scientific, AP-9007-005) for 10 min at 37°C in a humidified chamber. All sections were washed in 0.01M PBS, pH 7.4, exposed to blocking serum 
[5% normal horse serum ðNHSÞ þ Triton X] for 1 hour at room temperature in a humidified chamber, incubated with 1∶100 mouse anti-mouse collagen type 2 antibody (Thermo Scientific, Collagen II Ab-2 Clone 2B1.5, MS-235-P0) or 1∶1000 chicken anti-mouse myelin basic protein (MBP) antibody (Novus Biologicals, NB100-1603) overnight in a humidified chamber, rinsed in PBS and covered with 1∶1000 Alexa Fluor 568 rabbit anti-mouse antibody (Invitrogen, A10037) (collagen) or 1∶1000 Alexa Fluor 488 goat anti-chicken antibody (Invitrogen, A11039) (MBP) in 1% NHS for 1 h at room temperature in a humidified chamber. Sections were coverslipped with Vectashield mounting medium (Vector Laboratories, H-1000) and imaged using a fluorescence microscope (Nikon Eclipse E800).
Results and Discussion
Pseudocolor retardance magnitude and orientation images of unstained cochlear cross-sections through the lower basal turn reveal intricate networks of fibers running throughout the cochlea (Fig. 2) . These networks were more elaborate than could be appreciated with differential interference contrast microscopy ( Fig. 1) . Fibers observed by qPLM converged on the basilar membrane from the spiral limbus and from within the osseous spiral lamina (OSL), and spread from the basilar membrane into the spiral ligament. The same pattern was observed in the lower apical turn (Fig. 3) , although the retardance magnitudes appeared to be lower.
To determine the sources of the observed fiber networks, we used immunohistochemistry directed against collagen and myelin, which are known to exhibit birefringence. We focused on type II collagen [ Fig. 4(a) ] because it is the main fibrillar component of the mammalian cochlea, [31] [32] [33] [34] and on myelin basic protein [ Fig. 4(b) ] because it is a main component of peripheral myelin that ensheathes the processes of cochlear neurons within the OSL. 35 Immunoreactivity for type II collagen revealed a strong signal in the spiral limbus, basilar membrane, spiral ligament, and otic capsule [ Fig. 4 (a)], consistent with previous reports of a radially oriented network of type II collagen fibrils, identified by immunostaining and electron microscopy, beginning in the spiral limbus, converging on the insertion of the basilar membrane, and spreading into the spiral ligament toward the stria vascularis. Immunoreactivity for myelin basic protein was localized to the myelinated nerve fibers within the OSL [ Fig. 4(b) ]. This pattern was complementary to the strong collagen II immunoreactivity of the OSL [ Fig. 4(a) ]. Neither type II collagen nor myelin basic protein were observed within the stria vascularis, which exhibited a weak retardance signal.
Collagen is known to exhibit both intrinsic and form birefringence. The intensity of birefringence of a collagen network thus depends both on the collagen density and on the extent of collagen organization at the fibrillar level. 2 The optic axis of a collagen network is oriented along the length of the fibrils and is the slow axis (positive birefringence). 36, 37 The optic axis of myelin is oriented along the length of the axons, but it is the fast axis (negative birefringence). In sections that have had lipids extracted, such as paraffin sections, myelin exhibits positive birefringence. 4 If the fiber networks evident in the qPLM images do represent type II collagen fibrils and myelinated neuronal processes, it is significant that the level of fiber detail in the qPLM images is much greater than that observed in immunofluorescence images. qPLM may thus provide a superior means of qualitatively evaluating the organization of collagen fibrils and neuronal processes in cochlear sections, while saving the tissue, time, and expense required to perform immunohistochemistry.
One of the primary strengths of the qPLM technique is its ability to provide objective, quantitative information on tissue organization. To explore the utility of these data, we determined mean retardance values (n ¼ 3) for a variety of cochlear structures at each cochlear turn (Figs. 5 and 6 ). The retardance values for C57BL∕6J and CBA∕CaJ mice were similar for all structures. This is important because each strain offers specific experimental advantages. Many models of hearing loss have been developed in the C57BL∕6J strain, which exhibits early, agerelated hearing loss at high frequencies, whereas the CBA∕CaJ strain has good hearing across frequencies in old age. The similarity in cochlear retardance in C57BL∕6J and CBA∕CaJ mice is likely due to the young age of the imaged mice as both strains have equally good hearing at six weeks of age.
For a given turn, different cochlear structures exhibited different levels of birefringence, with the basilar membrane, spiral ligament and otic capsule being most birefringent. For example, when focusing on the lower basal turn, the mean retardance of the basilar membrane under the outer hair cells was 5.03 AE 0.47 nm in the C57BL∕6J mice and 5.07 AE 0.26 nm in the CBA∕CaJ mice, which was about five times higher than the mean retardance of the spiral ligament (0.88 AE 0.11 nm in the C57BL∕6J mice and 1.54 AE 0.07 nm in the CBA∕CaJ mice), and about 12 times higher than the We have shown that qPLM provides a powerful tool for qualitative and quantitative analysis of the organization of various cochlear structures. Our results motivate future application of qPLM to characterize various murine models of human hearing loss, based on specific changes in the birefringent properties of cochlear structures. In light of our recent study demonstrating that the optical properties of fixed cochlear tissues are similar to those of unfixed specimens, 38 qPLM data from fixed specimens may ultimately be applied in humans in vivo to guide diagnosis and management through the use of new noninvasive imaging modalities.
One such imaging modality is optical coherence tomography (OCT), a noninvasive technique that generates cross-sectional images of tissue based on backscattered light from a focused beam directed at the sample. The technique is similar to ultrasound, but uses light instead of sound, allowing for the acquisition of images with high spatial resolution. The OCT resolution, between 2 and 20 μm, exceeds that provided by CT and MRI and is sufficient to allow visualization of cochlear structures. 39 In fact, OCT has recently been used to image murine cochlear microanatomy, including the basilar membrane, spiral ligament, and organ of Corti. [40] [41] [42] [43] [44] An enhanced version of OCT, polarization-sensitive OCT (PS-OCT), allows for measurement of sample birefringence 45 and the orientation of the fast axis. [46] [47] [48] This technique has already been successfully applied to qualitatively and quantitatively examine collagen birefringence patterns in tissue, including human skin. 49 However, PS-OCT has not been applied to the cochlea. Assuming linear path lengths, we found the birefringence of cochlear structures to vary between 2.0 × 10 −5 and 5.1 × 10 −4 . PS-OCT may be sufficiently sensitive to detect subtle changes in cochlear birefringence as PS-OCT has been used to determine tissue birefringence levels as low as 2.8 × 10 −6 . 50 Our results strongly motivate future application of imaging modalities such as PS-OCT to the human inner ear in vivo to obtain a fundamental new insight to the workings of the inner ear, to establish microstructural diagnosis, and to guide therapy. Successful application of these imaging modalities to the cochlea will require a complete understanding of the baseline optical properties of cochlear structures, including birefringence, and how these properties are altered in disease states.
Conclusion
We report the first characterization of optical properties of unstained cochlear structures using qPLM applied to histologic sections. Our results suggest that qPLM has important advantages over immunohistochemistry when qualitatively evaluating the organization of collagen fibrils and myelinated neuronal processes because qPLM provides intricately detailed information on unstained fiber networks, thus saving the tissue, time, and expense required to perform immunohistochemistry. Our results strongly motivate future application of PS-OCT and similar imaging technologies to the human inner ear in vivo.
